We present a modulation transfer function (MTF) calibration method based on binary pseudo-random (BPR) onedimensional sequences and two-dimensional arrays as an effective method for spectral characterization in the spatial frequency domain of a broad variety of metrology instrumentation, including interferometric microscopes, scatterometers, phase shifting Fizeau interferometers, scanning and transmission electron microscopes, and at this time, x-ray microscopes. The inherent power spectral density of BPR gratings and arrays, which has a deterministic white-noise-like character, allows a direct determination of the MTF with a uniform sensitivity over the entire spatial frequency range and field of view of an instrument. We demonstrate the MTF calibration and resolution characterization over the full field of a transmission soft x-ray microscope using a BPR multilayer (ML) test sample with 2.8-nm fundamental layer thickness. We show that beyond providing a direct measurement of the microscope's MTF, tests with the BPRML sample can be used to fine tune the instrument's focal distance. Our results confirm the universal character of the method indicating its applicability to a large variety of metrology instrumentation with spatial wavelength bandwidths from a few nanometers to hundreds of millimeters.
I. INTRODUCTION
Metrology devices which produce images of a topographical object, for example, images of surface morphology measured with an optical microscope, or images of a bulk material structure recorded with transmission x-ray and electron microscopes, do not reproduce the shape of an object with 100% fidelity. The probes used, optical light, xrays, electrons, or a pointed material tip as in a scanning probe microscope, have limitations. Photons (visual light and x-rays) are limited by diffraction to approximately the wavelength; electrons are limited by their energy and subsequent aberrations in electromagnetic focusing systems; scanning probe tips cannot be infinitely sharp. In addition to the probe, the finite size of a pixel in the instrumental detector (for example, a CCD camera) can also limit the quality of the image. Key for further progress in many areas of nanoscience and in nanofabrication relying on high resolution metrology is the development of reliable experimental methods for precision quantitative characterization and calibration of appropriate high resolution metrology instruments, such as electron and x-ray microscopes.
In the most rigorous metrology with a variety of surface profilometers and microscopes for spectral characterization of surface height properties in the frequency domain, a statistical description based on power spectral density (PSD) distributions is widely used. [1] [2] [3] [4] [5] Reliability of the PSD data relies on experimental methods available for comprehensive measurement of the spatial frequency response of the instrument that is usually described with a modulation transfer function (MTF). 6 Physically, the instrumental MTF is the amplitude response of the imaging system to sine-wave-like objects of different spatial frequencies. The limited spatial resolution of the system results in a decrease, with increase of the object's spatial frequency, in the modulation amplitude of the image relative to that of the object.
To the extent that the response of the instrument can be characterized as a linear system, the measured PSD is a product of the PSD inherent for the sample, 
The MTF in Eq. (1) is the total MTF of the instrument. It can be experimentally determined by comparing the measured PSD distribution of a test surface to the corresponding ideal PSD distribution, which is numerically 3 simulated or found from PSD measurements with an instrument with significantly higher resolution. The square root of the ratio of the measured PSD distribution divided by the ideal PSD distribution gives the MTF of the instrument.
A number of methods for MTF measurements have been developed, see, for example, Refs. [6] [7] [8] [9] [10] and references therein. The effectiveness of a given method critically hinges on the appropriate choice of the test sample. The major requirements to the test sample when used as a certified MTF standard are as follows. First, it should be suitable for calibration over the entire instrumental field of view with a uniform sensitivity to the MTF over the entire spatial frequency range up to the highest (Nyquist) frequency of the instrument. Second, in order to be used as a certified standard, the MTF test sample should satisfy the conditions of ease of specification, reproducibility, and repeatability. Third, the accuracy of the MTF calibration should have a reasonably low sensitivity to possible fabrication imperfections of the sample. Most of the common test patterns used in MTF measurements, including knife-edge sources (step height standards), bar targets, sinusoidal surfaces, periodic and quasi-periodic patterns, white noise patterns, and random reference specimens, fail to meet some or all of these requirements.
Recently, an MTF calibration technique based on binary pseudo-random (BPR) one-dimensional (1D) sequences and two-dimensional (2D) arrays has been developed and patented. 11, 12 The technique has been proven to be an effective method for spectral characterization in the spatial frequency domain of a broad variety of metrology instrumentation, including interferometric microscopes, scatterometers, phase shifting Fizeau interferometers, as well as scanning and transmission electron microscopes (SEM and TEM, respectively). [12] [13] [14] [15] [16] [17] [18] BPR sequences and arrays are 1D and 2D patterns, respectively, of statistically independent and uniformly distributed binary elements (1's and 0's or -1's and +1's). We use the term 'pseudo-random' to emphasize that the distributions are generated by mathematically precise rules to be random in a mathematically strong sense. [19] [20] [21] Alternatively, such sequences are referred to in the literature as pseudo-noise sequences or m-sequences. 19 Specific methods for generation of pseudo-random sequences [22] [23] 1 2 n and (ii) the sequence is 'almost' uncorrelated. The conditions (i) and (ii) are very natural for a purely random sequence, or white noise that consists entirely of uncorrelated binary elements with a delta-4 function-like correlation function. According to the Wiener-Khinchin theorem, 35 the PSD of a sequence with a deltafunction-like correlation function is a frequency independent white-noise-like distribution. The 1D BPR sequences used in this publication were generated using the algorithm described in detail in Ref.
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Two-dimensional analogues to 1D BPR sequences are designated as uniformly redundant arrays (URA). URAs are widely used as optimal mask patterns for coded aperture imaging techniques. 20 Analogous to the time-of-flight technique based on 1D BPR sequence chopping, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] an imaging technique based on the 2D URAs allows one to obtain a better signal-to-noise ratio, keeping the high angular resolution characteristic of a single pinhole aperture. 36, 37 Similar to 1D BPR sequences, the URAs possess both high throughput (50%) and a delta-function-like cyclical autocorrelation function that corresponds to a flat 2D PSD spectrum. Due to the similarity, we employ the term BPR array rather than URA.
Unlike most conventional test surfaces, the inherent PSD of BPR gratings and arrays has a deterministic white- Figure 1c shows a design of a BPR multilayer (ML) test sample used for measurements with electron microscopes. 17, 18 A BPRML sample is a multilayer structure consisting of two materials (marked with indexes 0 and 1) with significantly different contrast when observed with an electron microscope. In order to serve as a test sample for MTF calibration of a SEM or a TEM, the layers of the two materials are pseudo-randomly distributed according to a binary pseudo-random sequence, similar to ones used for fabrication of BPR gratings (Fig. 1a ) and applied to 1D MTF calibration of interferometric microscopes 12 and optical scatterometers. 14 In the BPRML case, the thickness of a particular layer of the material with index 0 (1) is equal to the fundamental layer thickness of the multilayer, t  , multiplied by the number of adjacent 0's (1's) in the BPR sequence used for the multilayer generation. The binary height of the pattern (Figs. 1a and 1b) and the binary contrast of the MPRML sample materials (Fig.   1c ) determine the amplitude of the array's inherent PSD spectrum. Because the PSD from a BPR grating or array is a result of the distribution of the elements, it is not particularly sensitive to the shape or roughness of the sample grooves or interfaces between the layers. 16 This ensures the high accuracy of the MTF measurements with the BPR test samples.
Here, we report on an advanced expansion of the application range of the method to the MTF calibration and resolution characterization using the full-field transmission soft x-ray microscope (TXM) XM-1, at beamline 6.1.2 at the Advanced Light Source (ALS) in Berkeley, CA. 38 In Sec. 2, we describe in details the development of the BPRML test sample with 2.8-nm fundamental layer thickness used for measurements with the x-ray microscope.
The measurement procedure, data processing, and the results of measurements of the XM-1 MTF are discussed in Sec. 3. We show that beyond providing a direct measurement of the microscope's MTF, tests with the BPRML 6 sample can be used to fine tune the instrument's focal distance. The investigations confirm the universal character of the method that makes it applicable to a large variety of metrology instrumentation with spatial wavelength bandwidths from a few nanometers to hundreds of millimeters.
II. FABRICATION AND CHARACTERIZATION OF THE BPRML TEST SAMPLE
Similarly to the characterization of electron microscopes, 17, 18 the BPRML test sample for measurements with a soft x-ray microscope is formed with two contrast materials, WSi 2 and Si. The BPRML is structured according to a BPR sequence with a total number of elements 2047 N  , a fundamental thickness of the multilayer 2.8 t The test sample was fabricated in two steps. First, a BPRML with a desired distribution of the layers was deposited on 0.5 mm thick Si (100) substrate of approximately 25 mm × 12.5 mm size. Second, a thin sample cross section was etched out from the multilayer using a focused ion beam (FIB)/SEM sample preparation technique.
Finally, the structure quality of the fabricated BPRML test sample was characterized in high resolution TEM measurements.
A. BPR multilayer deposition
The BPRML structures were fabricated with solid-source targets of B-doped Si and hot-pressed WSi2 using modified 3-inch direct-gas injection cathodes 39 in a turbo-pumped rotary deposition system. The target to sample distance was 78 mm, with a process gas pressure of Ar held at a constant 2.3 milliTorr by upstream dual-MFC feedback control. The Ar gas was injected directly behind the cathode dark space shield. The average gas flow through each cathode was ~9 SCCM. Deposition was carried out at a constant power of 170 watts for both sources using Advanced Energy DC sputtering power supplies. Before each layer deposition, the substrate carousel rotated such that the samples are outside the deposition aperture. The power supply initiated plasma and stabilized for 7
seconds. The proper thickness for each individual layer was then produced by raster-scanning the substrate over the apertures by varying both the number of passes over this aperture and the rotational velocity. The apertures were properly shaped to produce an approximately uniform deposition thickness along the direction orthogonal to rotation by a mathematical convolution of the rotational radius, deposition source fingerprint, and uniform coating thickness requirement. This procedure is called profile coating and is described extensively elsewhere. 40 Due to the inherent nature of magnetron deposition growth rate to decay over time, a compensation factor was included during the 7 growth which adjusts the velocity appropriately, as is used for growth of other types of thick multilayers. 41, 42 SEM feedback data from the growth of this structure were incorporated into the deposition process to obtain very accurate BPRML structures.
The deposited BPRML was tested in an x-ray diffraction experiment by measuring the multilayer reflectance as a function of the grazing incidence angle - Fig. 2 , black solid line. The measurement was performed with a copperanode tube source operating at 1.6 kW, and using a multilayer collimating optic and 4-bounce Ge (220) monochromator upstream of the sample. The beam size impinging on the sample is fixed with slits at approximately 50 µm by 8 mm. A semiconductor strip detector integrated the specular reflectance to produce the diffraction data with one point taken every 0.001 degrees theta. Beam intensity was determined by aiming the detector directly at the source with the sample removed and recording for 10 seconds. The initially low reflectance below 0.4 degrees is due to incomplete sample illumination by the incident beam. Data fitting was performed using IMD software 43 by importing the design BPRML layer data file (with every layer thickness proportionally reduced by 8%), incorporating a 0.25 nm interlayer roughness, and a top silicon oxidation layer of 1.5 nm. Although an x-ray reflectance measurement is not the proper way to fully characterize a multilayer structure such as this, a comparison of the measured pattern with a result of corresponding simulation (red dashed line in Fig. 2 ) provides a quick and reliable check of the structure of the top-surface layers. 41, 42 Good agreement between the measured and simulated diffraction patterns suggests that the top-surface layers correspond to the desired structure given by the chosen binary sequence. From the simulations, 43 the fundamental thickness of the BPR multilayer was found to be 2.76 nm.
FIG. 2.
Dependence of BPRML reflectance on grazing incidence angle. The measurement (black solid line) and simulation (red dashed line) were performed with 8.048 keV x-rays (CuK 1 ). Good agreement between the measured and simulated diffraction patterns suggests that the top-surface layers correspond to the desired structure given by the sequence used. The value of the fundamental thickness of the multilayer found from the simulations is 2.76 nm. 46 In order to avoid rounding of the top surface edge of the etched piece in the course of FIB etching, the surface of the multilayer was first coated with a 1.5 µm thick layer of Pt.
In the course of sample preparation, a small (approximately 10 µm × 15 µm × 2 µm) piece was completely detached from the multilayer and Pt-ion-beam welded to a pin on a standard copper 5-post lift-out grid - Fig. 3 . Finally, in order to decrease the test sample piece thickness to the desired 60-100 nm and provide a uniform thickness, both sides of the ML piece at its free end were processed with fine FIB polishing ('super polishing') at extremely low ion beam current. An SEM image of the test sample taken just before the last cycle of final fine FIB polishing of the sample's front and back surfaces is shown in Fig. 5a . Because SEM imaging often contaminates the sample surface, there is no SEM image taken after the last cycle of the FIB polishing.
C. TEM characterization of the BPRML test sample
When the sample preparation was completed, the FIB/SEM vacuum chamber was vented and the lift-out grid with the sample was moved for TEM characterization, also performed at EAG, LLC. The structure of the multilayer of the BPRML test sample was investigated with a Tecnai TM TEM instrument (FEI, Co.), available at the EAG, LLC.
In order to get the entire cross section of the sample, a low resolution TEM measurement of the BPRML was made at relatively low electron energy of 2. (Fig. 2) . The average value of 2.80 nm is used for the simulation discussed below.
In order to get a reasonably high resolution TEM image of the entire cross-section of the BPRML sample, an analytical stitching procedure was developed and applied to a serious of the overlapped images, preliminarily detrended with a plane surface. For stitching the images, we use graphic design software CorelDraw that allows visually pre-aligning and positioning the images with required precision. However, while graphic design software makes the process of image stitching relatively simple, there are some caveats. Because the software employs a highly sophisticated algorithms for treating images, this can lead to a significant distortion of the data stored in the images used for stitching. Newer the less, the usage of the stitching for illustration purposes, like the one here, is perfectly acceptable. 
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The superior quality of the deposited multilayer was confirmed in high resolution TEM measurements 47 The major conclusions from the TEM measurements are that the BPR multilayer has extremely uniform thickness of the layers and that the separation between the layers of different materials is very sharp with a transition thickness much smaller than the multilayer fundamental thickness. These small fabrication imperfections have little to no effect on the sample's inherent PSD distribution over its entire spatial frequency range (see discussion in
Ref. 16 ).
III. MTF CHARACTERIZATION OF THE A SOFT X-RAY MICROSCOPE
The unique features of soft x-ray microscopy have found numerous applications in life sciences, 48 materials science (particularly, magnetic imaging 49 ), and environmental science. 50 Using soft x-rays in microscopic imaging provides inherent elemental specificity, chemical and magnetic sensitivity, high spatial resolution down to the nanometer length scale as well as time resolved studies of sub-nanosecond dynamical processes harnessing the inherent pulsed time structure of soft x-ray sources, e.g. at synchrotron facilities. The optical design of the full field transmission soft x-ray microscope XM-1 at the ALS beamline 6.1.2 (see Ref. 38 and references therein) is similar to a conventional visual light microscope and follows the concept of the first full-field soft x-ray microscope described in Ref. 51 As optical lenses do not work for x-rays, soft x-ray microscopes in general utilize Fresnel zone plates as xray optical elements. The BPR structure of the sample is well resolved with contrast and resolution that appear to be very similar to that of the SEM and TEM in Fig. 5 . The low spatial frequency brightness variation across the multilayer is possibly due to the non-uniformity of the sample width.
In order to extract information about the microscope's MTF and resolution, images like the one shown in Second, the measured image is matched to the theoretical one built from the BPR sequence that was used to specify the BPR multilayer deposition. The initial matching is performed by determining the mutual position of the whole image that corresponds to the maximum cross-correlation of the images. Here, the images are scaled according to the nominal effective pixel size of 4.9 nm of the measured image and the measured fundamental thickness of the test sample of 2.8 nm. After initial matching, the matching is repeated for a series of sub-areas of the theoretical image and the dependence of the best matched positions of the corresponding sub-areas in the measured image as a function of the position of the subareas of the theoretical image is plotted. In order to find a correction factor for precision rescaling of the images, the data are fitted with a linear polynomial. The correction factor, found to be 1.0087±0.0005, was applied to rescale the theoretical image. Note that the high accuracy of the diffraction and TEM measurements of the fundamental thickness of the BPRML test sample can also be used for precise lateral calibration of the x-ray microscope. Figure 9 depicts the result of the matching process as applied to the XM-1 image of the BPRML sample placed in the microscope at lateral position 785 z  µm (in the coordinate system of the microscope).
The matched theoretical image in Fig. 9 is resampled to the pixel size of the measured image. In order to increase the accuracy of the resampling, the theoretical image is first oversampled by splitting of each original pixel to 10 sub-pixels. Finally, the oversampled image is converted to the pixel grid of the measured image by averaging the intensities of the sub-pixels enveloped with a particular pixel of the measured grid. The PSD spectrum in the vertical direction, 1D PSD Y , is significantly different. Because of the sample structure, the flat pattern is absent. The 1D PSD Y spectrum is mostly due to the instrumental noise, artifacts of the measurement (e.g., instrumental aberrations), and possible imperfections of the sample itself (e.g., a variation of the sample width). One can expect that the contributions of these sources to the 1D PSD X and 1D PSD Y are the same.
Indeed, at the spatial frequencies higher than the resolution cut-off, where the contribution of the BPRML structure is negligible and, therefore, the instrumental noise and aberrations are dominant, the horizontal and the vertical PSDs are almost identical. This allows us to use the 1D PSD Y as a measure of the background in the 1D PSD X .
15 Figure 11 shows the difference between the PSD spectra in the horizontal and in the vertical direction. The Finally, the measured PSD spectrum is compared with a theoretical PSD spectrum inherent to the BPRML test sample used (Fig. 9a) , resampled to correspond to the measurements with an ideal x-ray microscope of which resolution is limited only by the effective pixel size of the detector. The theoretical PSD X is shown in Fig. 12 together with the measured one.
The strong correlation of the measured and the theoretical PSD spectra at the spatial frequencies up to approximately 10 µm -1 is clearly seen in Fig. 12 . However, the behavior of the spectra near the roll-offs is significantly different. This is due to the MTF of the x-ray microscope.
16 FIG. 12 . Theoretical 1D PSD X spectrum, inherent to the BPRML test sample used (Fig. 9a) , resampled to correspond to the measurements with an ideal x-ray microscope of which resolution is limited only by the effective pixel size of the detector (dashed blue line); and the measured 1D PSD X spectrum, shown also in Fig. 11 (solid red line). The instrumental MTF 2 appears as the difference of the spectra near the higher spatial frequency roll-off of the measured PSD.
B. Determining the MTF
Here, we approximate the microscope's MTF with a squared Gaussian function of the form: We also add to the theoretical PSD a fractal-like residual noise, described with a function
that best fit the high spatial frequency tail of the measured 1D PSD Y in Fig. 10 . 18 Figure 15 presents the 1D PSD X spectrum of the image in Fig. 11b. For comparison, In order to understand the sensitivity of the MTF measurement procedure, described above, to the lateral position of the sample (defocus), an analytical parameterization of the Gaussian MTFs given by Eq. The data in Figs. 16 and 17 demonstrate that beyond providing a direct measurement of the microscope's MTF, tests with the BPRML sample can be used to fine tune the instrument's focal distance. In the case of the soft x-ray microscope XM-1 at the ALS BL 6.1.2, the sensitivity of the MTF to the defocus is adequate for optimizing the focal distance with sub-micron accuracy.
VI. CONCLUSIONS
A binary pseudo-random multilayer test sample with fundamental layer thickness of 2.8 nm and a total useful area of about 6 µm × 6 µm has been developed using FIB/SEM sample development techniques. The sample was comprehensively characterized with SEM and TEM measurements at different instrumental resolutions. The measurements have confirmed the high quality of the BPR multilayer deposited at NSLS-II. The sharp image contrast between the WSi 2 and Si layers has been demonstrated by super high resolution measurements by scanning TEM.
In this work, this sample was used to characterize the MTF of a soft x-ray transmission microscope. The performed measurements have allowed us to precisely measure the spatial frequency cut-off associated with the limited resolution of the instrument. A procedure to extract the information about the microscope's MTF and resolution from the obtained images has been described.
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We have also demonstrated that beyond providing a direct measurement of the microscope's MTF, tests with the BPRML sample can be used to fine tune the instrument's focal distance. In the case of the microscope XM-1, the sensitivity of the MTF to the defocus is adequate for optimizing the focal distance with sub-micron accuracy.
Our investigations confirm the potential of a new method based on BPRML test samples for quantitative characterization of the instrumental MTF over its entire spatial frequency range. The high frequency cut-off of the measured MTF provides a measure of the instrumental spatial resolution. By varying the microscope parameters, such as focal distance, one can optimize the resolution via maximization of the MTF cut-off frequency.
